Radezolid (RX-1741) is the first biaryloxazolidinone in clinical development. It shows improved activity, including against linezolid-resistant strains. Radezolid differs from linezolid by the presence of a biaryl spacer and of a heteroaryl side chain, which increases the ionization and hydrophilicity of the molecule at physiological pH and confers to it a dibasic character. The aim of this study was to determine the accumulation and subcellular distribution of radezolid in phagocytic cells and to decipher the underlying mechanisms. In THP-1 human macrophages, J774 mouse macrophages, and human polymorphonuclear neutrophils, radezolid accumulated rapidly and reversibly (half-lives of approximately 6 min and 9 min for uptake and efflux, respectively) to reach, at equilibrium, a cellular concentration 11-fold higher than the extracellular one. This process was concentration and energy independent but pH dependent (accumulation was reduced to 20 to 30% of control values for cells in medium at a pH of <6 or in the presence of monensin, which collapses pH gradients between the extracellular and intracellular compartments). The accumulation at equilibrium was not affected by efflux pump inhibitors (verapamil and gemfibrozil) and was markedly reduced at 4°C but was further increased in medium with low serum content. Subcellular fractionation studies demonstrated a dual subcellular distribution for radezolid, with ϳ60% of the drug colocalizing to the cytosol and ϳ40% to the lysosomes, with no specific association with mitochondria. These observations are compatible with a mechanism of transmembrane diffusion of the free fraction and partial segregation of radezolid in lysosomes by proton trapping, as previously described for macrolides.
Antibiotic accumulation in phagocytic cells has been the subject of numerous studies over the last 20 years. These studies have examined to what extent drugs accumulate and where they distribute in cells and have also tried to address the mechanisms of entry and efflux. Several antibiotics have been profiled in this way, including beta-lactams, macrolides, fluoroquinolones, aminoglycosides, and glycolipopeptides (see references 2, 21, and 41 for recent key examples). Little is known so far, however, about oxazolidinones (30) , although recent work showed that significant differences in accumulation can be observed between apparently closely related derivatives (19) . Yet, oxazolidinones deserve special interest in this context, as they represent a useful alternative for treatment of infections caused by multidrug-resistant Gram-positive organisms, especially methicillin-resistant Staphylococcus aureus (MRSA) (46, 48) , which we know to thrive and persist intracellularly (10, 23) . Several new oxazolidinones are currently undergoing preclinical evaluation to assess potential improvements in activity and pharmacokinetic profile (see reference 44 for a review).
In the present study, we have focused our interest on radezolid (RX-1741), the first molecule brought to clinical evaluation in the subclass of biaryloxazolidinones (49, 50) . Biaryloxazolidinones combine into a single molecular design the most important interactions defined by sparsomycin and linezolid with the 50S subunit of the ribosome. This confers to them an improved antimicrobial activity, including against linezolid-resistant strains (17, 35, 50) . Within this family, radezolid was selected for further development and has shown appropriate efficacy and tolerability in ongoing phase 2 clinical trials for community-acquired pneumonia and uncomplicated skin and skin structure infections (12) .
At the structural level, the presence of a secondary amine coupled with the triazole heterocycle confers to radezolid a dibasic character which markedly increases the ionization and hydrophilicity of the molecule at physiological pH. In contrast, linezolid can be considered a weak monobasic compound ( Fig. 1 presents the chemical structure and Table 1 the pertinent physicochemical properties). These properties suggest potentially major differences in the way the two drugs could be processed by cells. This has triggered us to examine the cellular pharmacokinetics of radezolid in eukaryotic cells, using three types of phagocytes (human and murine macrophages and human polymorphonuclear neutrophils [PMN] ). We provide a detailed description of uptake, subcellular distribution, and efflux and address the underlying mechanisms of these processes. Our studies use linezolid and azithromycin as comparator compounds. Azithromycin shares with radezolid an amphiphilic, dibasic character and is known to accumulate to high levels in phagocytic cells by a mechanism of diffusion through membranes and segregation in acidic compartments (6, 13) . Although less extensively studied, linezolid is known to accumulate only modestly in cells (19) .
Our studies show that radezolid accumulates about 11-fold in phagocytic cells, with no evidence of active efflux. The accumulation is rapid and concentration and energy independent. In addition, radezolid displays a dual subcellular distribution, colocalizing to the cytosol and lysosomes with no specific association with mitochondria. These observations are compatible with a mechanism of diffusion/partial segregation in lysosomes by proton trapping. [38] ), and (ii) murine J774.1 cells (ATCC TIB-67). These cells were maintained in our laboratory as previously described (9, 27) . Additional experiments were conducted with PMN, which were isolated from buffy coat samples obtained from healthy volunteers using the Histopaque (1007 and 1119; SigmaAldrich) gradient centrifugation technique (700 rpm, 30 min) (24) . The purity of the preparation was estimated to be 85%, based on microscopic examination of cells stained with a Hemacolor staining kit (Merck KGaA, Darmstadt, Germany). The viability of the cells was checked by the trypan blue exclusion test and found to be Ͼ95%.
Accumulation and release experiments. Antibiotic accumulation and release were determined exactly as described earlier (32) for adherent cells, with adaptations for cells growing in suspension. In brief, cells incubated in the presence of antibiotics were washed three times in ice-cold phosphate-buffered saline (PBS) after suitable incubation times (THP-1 cells and PMN, which grow in suspension, were previously harvested by low-speed centrifugation). They were thereafter collected by centrifugation (THP-1 cells and PMN) or scraping (J774 cells) in distilled water. When measuring the kinetics of release, cells incubated with radezolid were washed, reincubated in a drug-free medium, and collected as described above. When studying the influence of extracellular pH, cells were incubated with buffered medium adjusted to specific pH values ranging from 5.0 to 7.4. The exact pH of each medium was measured before and after incubation and was found to not vary by more than 0.1 pH unit during the experiment.
Assay of cell-associated antibiotics. Cells lysates (obtained by sonication) were used for determination of antibiotic content and protein assay. Radezolid was assayed by liquid scintillation counting, cells having been incubated with the radiolabeled drug (lowest limit of detection, 0.003 mg/liter; linear response between 0.01 and 0.78 mg/liter; R 2 ϭ 0.999). This method has been fully validated with respect to specificity, reproducibility, and linearity under the conditions of our assays. We also checked in pilot experiments that the antibiotic cell content measured by the disc plate method gave similar values (the P value was Ͼ0.4 when comparing concentrations determined by the two methods). Because the corresponding radiolabeled compounds were not available to us, linezolid and azithromycin were assayed by a microbiological method (disc plate assay), using S. aureus ATCC 25923 as test organism (linear response between 16 ). All cellular drug contents were expressed by reference to the total cell protein content (determined by the Lowry method) and converted into apparent total cell concentrations using a conversion factor of 5 l per mg of cell protein (3) .
Determination of protein binding in culture medium. The proportion of radezolid bound to serum proteins in our experimental conditions was evaluated after 2 h of incubation with [ Amounts of 200 l of samples were transferred to the ultrafiltration device and centrifuged for 10 min (2,000 ϫ g, Eppendorf centrifuge 5810R equipped with an A-4-62 rotor) as previously described for linezolid (4) . Radezolid was then quantified in the ultrafiltrate by scintillation counting; the bound concentration was calculated as the difference between the total concentration and the free concentration.
Cell fractionation studies of J774 cells. The major subcellular organelles were separated by combined differential and isopycnic centrifugations as previously described (42) . In brief, cells were incubated with [ 14 C]radezolid for 2 h, washed free of antibiotics in 0.25 M sucrose, 1 mM EGTA, 3 mM imidazole (pH 7.4), and finally collected by gentle scraping in the same medium. The cells were then homogenized with a Dounce tissue grinder, and a cytoplasmic extract free of nuclei was obtained after three successive low-speed centrifugations (770, 625, and 500 ϫ g, 10 min). The resulting cytoplasmic extract was further fractionated into a "granule" fraction (containing the bulk of the cells' organelles and membranes [MLP fraction]) and a final supernatant fraction (S fraction) by highspeed centrifugation (145,000 ϫ g) for 30 min (Ti50 rotor; Beckman instruments, Inc., Fullerton, CA). The MLP fraction was further analyzed by isopycnic centrifugation in a linear sucrose gradient (10.9 ml, density limits 1.10 to 1.24, resting on a 600-l 1.34 g/cm 3 cushion). After equilibration, 12 fractions of approximately 1 ml each were collected and weighed, and their densities were determined by refractometry. The amounts of protein and [ 14 C]radezolid were determined in each fraction in parallel with the activity of marker enzymes of the main organelles, namely, cytochrome c oxidase (for mitochondria), N-acetyl-␤-glucosaminidase (for lysosomes), and lactate dehydrogenase (LDH; for cytosol). The results are expressed as the relative frequency of enzyme activity, protein, or drug recovered in each fraction as a function of the density of the fraction (standardized in sections of equal increments), the area of each histogram being equal to 1 (7, 32) .
Assessment of cell viability. The viability of cells in the different experimental conditions (exposure to oxazolidinones [up to 50 mg/liter] or incubation in media at different pH, in the presence of monensin, or at low temperature) was evaluated by measuring the release of lactate dehydrogenase, which is a cytosolic enzyme (31) , or the formation of purple formazan crystal dye [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (29)]. Using both procedures, no significant differences (Ͻ10%) were detected between treated and control cells.
RESULTS
Cellular accumulation and release of radezolid in phagocytic cells. In a first series of experiments, we examined the kinetics of radezolid uptake and efflux in three types of phagocytic cells, namely, human macrophage-like THP-1 cells, murine J774 macrophages, and human PMN (Fig. 2) . These experiments were performed with an extracellular concentration of radezolid of 4 mg/liter. In contrast to linezolid, which only reached a cellular concentration close to the extracellular one in THP-1 cells, radezolid accumulated quickly and markedly in these cells, reaching cellular levels ϳ12-fold higher than linezolid. The kinetics and extent of accumulation of radezolid seen with THP-1 cells was also observed with the other cell types investigated, with an accumulation half-life (t 1/2 ) of ϳ6 min and a maximal cellular-to-extracellular concentration ratio of ϳ11 (analysis of variance [ANOVA] of individual curves did not evidence any significant difference between cell types with respect to plateau values [P ϭ 0.957] and accumulation constant rates [k ϭ 0.693/t 1/2 ; P ϭ 0.252]). Release was then examined in the three cell types after loading with radezolid for 2 h. The release rates (k ϭ 0.693/t 1/2 ) were not significantly different (P ϭ 0.067) between cell types, with a mean half-life of ϳ8.7 min.
Influence of radezolid's extracellular concentration and of serum concentration in the culture medium on cellular accumulation. We then examined the effect of increasing the ex- tracellular concentration on the accumulation of radezolid in 2-h uptake experiments (Fig. 3, upper panel) . The cellular concentration increased linearly with no sign of saturation up to 50 mg/liter, with an apparent cellular-to-extracellular concentration ratio of approximately 8.5-fold over the entire range of extracellular concentrations investigated (R 2
As the in vitro model used implies the presence of fetal bovine serum in the culture medium, we investigated whether its concentration would influence the capacity of radezolid to accumulate in cells. This was tested with human and murine macrophages incubated for 2 h with 4 mg/liter radezolid in medium supplemented with fetal calf serum from 2 to 20%, these limits being imposed by the maintenance of the viability of the cells. The data presented in Fig. 3 show that decreasing the serum concentration below the standard 10% caused a commensurate increase in radezolid accumulation, whereas increasing it above this value did not cause any significant decrease. The fraction of radezolid bound to serum proteins was determined in parallel for the culture medium; it increased from 0 to 28% when the content of serum was increased from 2.5% to 20%.
Mechanistic studies: influence of temperature, ATP-depletion, and efflux pump inhibitors. The next series of experiments was designed to achieve an understanding of the mechanisms involved in radezolid accumulation in cells, using THP-1 macrophages as a model (Fig. 4) . All data were obtained after 2 h of incubation with 50 mg/liter radezolid, 250 mg/liter linezolid, or 10 mg/liter azithromycin. When cells were incubated at 4°C, the apparent cellular concentrations of radezolid and of linezolid decreased to about 35 to 40% of their control values (Fig. 4, left panel) . In parallel experiments, we observed that radezolid's accumulation was not modified by either ATP depletion or efflux pump inhibitors, while that of azithromycin, a substrate of P-glycoprotein (34), was increased 1.7-fold in both situations (Fig. 4, middle and right panels) . Additional experiments confirmed an absence of an effect of efflux pump inhibitors on (i) the rate of uptake and efflux of radezolid in THP-1 cells; (ii) its level of accumulation over a wide range of extracellular concentrations (4 to 50 mg/liter) in THP-1 cells; or (iii) its level of accumulation in J774 macrophages and PMN (data not shown).
Influence of the proton ionophore monensin and pH gradients. The dibasic character of radezolid (Fig. 1) suggests that pH gradients between cellular compartments and the ionization state of the molecule could play a determining role in its accumulation, as previously described for macrolides like azithromycin (13, 21) . We therefore studied the effect of the proton ionophore monensin (known to dissipate transmembrane pH gradients) on radezolid accumulation in THP-1 cells, again in comparison with linezolid and azithromycin. We also tested how acidification of the extracellular medium or the combination of both conditions would affect these molecules. After incubating cells for 2 h in the presence of 50 M monensin (Fig. 5, left panel) , we observed marked reductions in the apparent cellular concentration of both oxazolidinones (residual value, 20% to 25% of control) and a still-larger reduction in that of azithromycin (residual value, 10% of control). Likewise, acidification of the culture medium (Fig. 5 , middle panel) caused progressive decreases in the apparent cellular concentration of both oxazolidinones at 30 min when the pH of the culture medium was reduced from 7.0 to 6.0, to reach again 25% of control values for a pH value of Յ6.0. The azithromycin accumulation fell to 10% of control values as soon as the pH was brought from 7.0 to Յ6.5. Interestingly enough, monensin did not affect radezolid's accumulation in cells incubated in medium adjusted at a pH value of Ͻ7.0 but caused a significant decrease at a pH value of Ն7.0, with the residual accumulation remaining similar to that measured in the absence of monensin at pH 6.5 (Fig. 5, right panel) . The same experiments were performed with J774 cells, with similar results (residual accumulation, 30% of control values in the presence of monensin or at pH 5; data not shown).
Subcellular localization of radezolid in J774 macrophages. These studies were performed with J774 cells because preliminary experiments with THP-1 cells, using both sucrose and Percoll gradients, showed that the distribution of lysosomes and of mitochondria could not be satisfactorily resolved in these cells based on density equilibration. We first separated cell homogenates into an unbroken cell/nucleus fraction and a cytoplasmic extract using low-speed centrifugation. The unbroken cells and nuclei contained about 20% of the total activity of each enzymatic marker (lactate dehydrogenase, N-acetyl-␤-glucosaminidase, and cytochrome c oxidase) and about 20% of the radezolid-associated radioactivity (data not shown). As we see the same percentage for all markers in this fraction, this suggests no specific association of radezolid to nuclei. The cytoplasmic fraction was then further separated by high-speed centrifugation into a supernatant (S) and a granular fraction (MLP) containing the bulk of the mitochondria, lysosomes, and endoplasmic reticulum. About 42% of the cell-associated radezolid was recovered in the granular fraction (MLP), while 58% was recovered in the supernatant (S) (Fig. 6, upper  panel) . As expected, lactate dehydrogenase activity was almost exclusively recovered in the supernatant, while 90% of the N-acetyl-␤-glucosaminidase and 98% of the cytochrome c oxidase activities were found in the MLP. The MLP fraction was then further fractionated by isopycnic centrifugation to establish the distribution of radezolid between the organelles present in this fraction (Fig. 6, lower panel) . The distribution of radezolid could be superimposed on that of the lysosomal marker (N-acetyl-␤-glucosaminidase) and was clearly distinct from that of the mitochondrial marker (cytochrome c oxidase), with modal equilibration densities of 1.15 and 1.17, respectively.
DISCUSSION
The data presented in this paper show that radezolid accumulates intracellularly to about 10-to 12-fold its extracellular levels in three types of phagocytic cells. This process is rapid, reversible, nonsaturable, and energy independent but pH dependent. It drives the drug to the cytosolic and lysosomal compartments. This level of accumulation contrasts with that of linezolid, for which we found an accumulation factor close to 1. This is consistent with in vivo data describing linezolid as an antibiotic with high diffusibility in body tissues but poor cellular accumulation, reaching, in human alveolar macrophages, a concentration lower than in serum (14) .
To further probe the mechanism(s) involved in radezolid uptake, we first examined influx and efflux mechanisms. Our data are compatible with a passive diffusion process, and this is for four main reasons. First, the rate of uptake and efflux is similar and quite fast in all cell types investigated, with an apparent half-life of 6 to 10 min. These rates are of the same order of magnitude for drugs known to enter cells by diffusion, such as macrolides (8, 13) , fluoroquinolones (7, 27) , or chloroquine (42) . These rates are, however, much faster than those observed for antibiotics accumulating by fluid-phase pinocytosis, such as aminoglycosides in nonrenal cells (39) or oritavancin in macrophages (42) . Furthermore, the involvement of a cell-specific transport system is unlikely because (i) the rates of uptake and levels of accumulation of radezolid are quite similar in the three cell types investigated (as well as several types of nonphagocytic cells; see our companion paper [18] ) and (ii) its accumulation is nonsaturable over a wide range of extracellular concentrations, as previously described for azithromycin (13) . Second, the accumulation of radezolid is not modified by ATP depletion but is markedly reduced by incubating the cells at 4°C. The first observation rules out a potential active intake process, and the second one, also described with azithromycin (13) , highlights the importance of membrane fluidity for drug diffusion, as is generally known in most in vitro and in vivo systems (see reference 25 for a review). These data, as well as the absence of effect of efflux pump inhibitors on radezolid accumulation, also suggest that this drug is not subject to active efflux by those multidrug resistance proteins known to decrease the intracellular accumulation of fluoroquinolones (MRP [27] ) or macrolides and daptomycin (P-glycoprotein) (20, 34) . Third, the higher accumulation of radezolid measured in medium with low serum content suggests that only the free fraction is able to enter the cells, which is what one would expect from a diffusible drug. The plateau of accumulation reached at a higher serum content may reflect a displacement of the protein-bound fraction as the free drug enters the cell. This suggests that a dynamic equilibrium between intracellular and extracellular compartments may take place, with the predominant flux oriented toward the cells as described for azithromycin (33) . Finally, it must be emphasized that both the logP and logD values of radezolid are in the range of those considered compatible with drug membrane permeability (5, 22) . Also of interest, azithromycin and radezolid display similar logD values calculated at pH 7.4 (Table 1) , suggesting comparable capacity to cross the pericellular membrane. Moving now to the mechanism of accumulation itself, our data are highly suggestive of a proton-driven segregation of radezolid in acidic compartments, somewhat following the model described to explain the cellular accumulation of weakly basic drugs in cells (45) and in lysosomes (11) and best illustrated by macrolides in the field of antiinfective pharmacology (6, 8) . We show here that radezolid indeed displays a dual localization, with about 60% recovered in the soluble fraction and 40% distributing together with a lysosomal enzyme in the large-organelle fraction. This means a moderate accumulation in the cytosol (about 6-fold) but a much larger one in the lysosomes (about 80-fold or higher, based on a lysosomal volume of 5% or less than the total cell volume, as estimated in macrophages or fibroblasts [1, 36] ). These data may actually reflect the gradients of pH between the extracellular milieu and the cytosol (about 0.4 pH units) or the lysosomes (about 2 pH units), respectively. This is also consistent with our observation of a marked decrease in cellular accumulation at acidic pH (which will reduce the pH gradient between medium and cytosol and lysosomes) and in the presence of monensin (known to collapse the cytosol-lysosomal pH gradient [37] ). This is quite similar to what was observed for azithromycin (6, 40) . For radezolid, however, the proportion of the drug found in the lysosomes is lower than that reported for azithromycin (40% versus 50 to 70% [6] ) and the residual accumulation in the presence of monensin or at acidic pH remains higher than for azithromycin. This probably results from differences in pK a values (Table 1) , with azithromycin being more basic and therefore more fully protonated at acidic pH than radezolid. Of interest also, cellular fractionation studies did not show any specific association of radezolid with mitochondria, which are the target organelle for oxazolidinone and chloramphenicol toxicity (26, 47) .
The unavailability of radiolabeled linezolid prevented us from performing as detailed experiments with this drug as we were able to do with radezolid, especially with respect to kinetics of uptake and efflux and determination of subcellular distribution. Yet, we observed a globally similar effect of monensin and of acidification of the culture medium on linezolid's accumulation. Actually, the differences in accumulation levels observed between linezolid, radezolid, and azithromycin can easily be explained by commensurate differences in the relative abundances of their charged and uncharged species on the one hand and their lipophilicity (as illustrated by logP and logD values) on the other hand. The model of proton-driven segregation of weak basic drugs in membrane-bounded compartments implies, indeed, that accumulation at equilibrium will be directly proportional (i) to the ratio of the permeability constants of the nonionized to the ionized forms of the molecules and (ii) to the number and the pK a of the basic ionizable functions. Based on what is known about those properties, this clearly rationalizes the ranking in accumulation observed here (namely, linezolid Ͻ radezolid Ͻ azithromycin), as well as the fact that extracellular pH modulates radezolid's accumulation over a 1-unit range (7.0 to 6.0) instead of the 0.5-unit range (7.0 to 6.5) for azithromycin. For azithromycin, its capacity to bind to negatively charged phospholipids may further enhance its accumulation (28, 43) . Of note also, the cellular accumulation of radezolid was not influenced by a variation of pH from 7.4 to 6.5 in the extracellular milieu when monensin was present (Fig. 5, right panel) . This is consistent with the facts that (i) monensin acts specifically on the ATP-driven pump responsible for acidifying lysosomes (37) to values as low as pH 5.5 and does not appear affect the cytosol's pH (which is around 7) and (ii) the pK a1 of radezolid is close to this value, making it a turning point for a significant change in the ratio of the monocationic and dicationic forms of the drug.
We recently observed that another oxazolidinone, torezolid (TR700), shows a larger cellular accumulation than linezolid and a greater-than-90% reduction in uptake upon acidification of the culture medium (19) . Direct comparison with the radezolid cellular pharmacokinetics described here, however, cannot be made, as (i) we do not know torezolid's subcellular localization and (ii) torezolid's physicochemical properties are quite distinct from those of radezolid (torezolid being not a dicationic drug but being slightly more lipophilic than linezolid, about 0.4 log units for both logP and logD, calculated using QikProp software [Schrõdinger, LLC, Portland, OR]).
Although still far from reproducing the situation prevailing in vivo, the design of our experiments has allowed us to address the impact of protein binding on drug handling by cells. We first see that increasing the protein content above its standard value does not change the level of accumulation of radezolid at equilibrium. We also show that radezolid's accumulation is similar in various cell lines, in freshly isolated human PMNs, and in primary cultures of human keratinocytes (see also the companion paper [18] ), suggesting that what we describe is a general property of this drug.
Besides their interest for the knowledge of pharmacological properties of radezolid and other oxazolidinones, our findings may have important clinical implications. First, the fact that radezolid accumulates to higher levels than linezolid may explain its larger volume of distribution (V), as animal data indicate for radezolid a V 1.5-to 1.8-fold higher than that of linezolid in mice, rats, or dogs (see reference 15 and Rib-X data on file). This may help the drug achieve improved tissue penetration and a higher concentration in the infected compartment. High concentration in PMNs may also contribute to the conveyance and delivery of the drug at the site of infection, as previously proposed for azithromycin (33) .
Second, although the correlation is extremely variable from one antibiotic class to another, a higher cellular concentration may help the antibiotic to exert useful activity against intracellular bacteria (see reference 41 for a review). This issue is examined in detail in the companion paper (18) .
